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Abstract 
Perna viridis is a recently introduced species to US coastal waters and have vigorously 
spread throughout the southeastern seaboard since their invasion. Little information regarding 
their response to local environmental factors has been reported including responses to the local 
HAB species, Karenia brevis. This study monitored the tissue toxin concentration of brevetoxins 
in P. viridis from existing populations throughout two consecutive natural K. brevis blooms. The 
results showed P. viridis to rapidly accumulate PbTx upon exposure to the bloom, far exceeding 
the peak tissue concentrations of oysters, Crassostrea virginica, sampled during the same period, 
57,653 ± 15,937 and 33,462 ± 10,391 ng g -1 PbTx-3 equivalent respectively.  Further, P. viridis 
retained high PbTx concentrations in their tissues post bloom remaining above the regulatory 
limit for human consumption for 4 – 5 months, significantly longer than the depuration time of 2 
– 8 weeks for native oyster and clam species. In the second year, the bloom persisted at high cell 
concentrations resulting in prolonged exposure and higher PbTx tissue concentrations indicating 
increased bioaccumulation in green mussels. While this species is not currently harvested for 
2 
 
McFarland, K., Jean, F., Soudant, P., & Volety, A.K. (2015). Uptake and elimination of brevetoxin in the invasive 
green mussel, Perna viridis, during natural Karenia brevis blooms in southwest Florida. Toxicon 97: 46-52  
human consumption, the threat for post bloom trophic transfer could pose negative impacts on 
other important fisheries and higher food web implications.  
Key Words: red tide, oyster, bioaccumulation, trophic transfer, harmful algal bloom, depuration 




Red tide events occur regularly in the Gulf of Mexico, with the first recorded event in 
1844 (Lasker and Smith, 1954) and identified as Karenia brevis in 1946 (Davis, 1948). This 
unarmored dinoflagellate produces a suite of neurotoxins known as brevetoxins (PbTx), which 
cause massive fish kills, marine mammal and seabird mortalities and neurotoxic shellfish 
poisoning (NSP) in humans through consumption of toxic shellfish (Ray and Wilson, 1957; 
McFarren et al. 1965; Adams et al., 1968; Forrester et al., 1977; Baden, 1989; Stiedinger, 1973; 
Flewelling et al. 2005; Naar et al., 2007; Landsberg et al., 2009). Over the past several decades 
outbreaks of K. brevis blooms have increased in frequency and duration due to eutrophication of 
coastal waters through anthropogenic input (Brand and Compton, 2007). 
Bivalve molluscs bioaccumulate PbTx through normal filter feeding behavior with little 
to no mortality and, as a consequence, pose a threat to both human consumers and natural marine 
predators including whelks, crab, and fish (Tester et al., 2000; Brand et al., 2012). Several 
studies have demonstrated the transfer of PbTx from bivalves to whelks and fish (Ingham et al., 
1986; Peirce et al., 2002; Naar et al., 2007; Bricelj et al., 2012). Shellfish beds are monitored 
regularly for both K. brevis cell counts and tissue toxin concentration, particularly during and 
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following bloom events. Closure of shellfish harvesting is required if K. brevis cell counts 
exceed 5,000 cells L-1 or shellfish tissue concentrations exceed 800 ng g-1 PbTx-3 equivalent 
brevetoxin (Plakas et al., 2008). 
The green mussel, Perna viridis, is a recently introduced species to southwest Florida. 
The extent to which PbTx accumulates and persists in their tissues remains to be elucidated and 
is not monitored. If PbTx remains sequestered in tissues after bloom dissipation this poses a 
threat to predators including commercially important crab and fish, subsequently transferring 
toxins through the trophic web even long after a red tide event has subsided. Stomach content 
analyses in post bloom fish and dolphin mortalities have revealed fish with high levels of PbTx 
(Flewelling et al., 2005) and seabirds with toxic clams in the gut (Forrester et al., 1977) 
indicating a lethal dose through trophic transfer (Landsberg et al., 2009). Likewise, dead burrfish 
(Chilomycterus schoepfi) collected during a red tide bloom had the remains of toxic bivalves in 
their stomachs (Naar et al., 2007). While green mussels are not harvested locally for human 
consumption, they are an edible species and may pose potential human health concerns.  
Accumulation of PbTx has been reported in the green lipped mussel, Perna canaliculus, 
during exposure to Karenia selliformis blooms (Morohashi et al., 1995; Ishida et al., 2004a, 
2004b), however no published information directly addresses the accumulation of PbTx from K. 
brevis blooms in P. viridis. Therefore, the goal of this study was to assess the rate of PbTx 
uptake and elimination in P. viridis during a naturally occurring K. brevis bloom. This was 
accomplished through monthly collections from a population, which had become established in 
southwest Florida, before, during and after a red tide event in Estero Bay, Florida over a two year 
study period.  
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2. Material and Methods 
2.1 Collection of Perna viridis 
Perna viridis of an average length of 74.3 ± 7.3 mm were collected by SCUBA diving 
from Estero Bay, Florida at New Pass Bridge (26°22'40.89"N; 81°51'39.69"W) or Big Carlos 
Bridge (26°24'15.44"N; 81°52'49.64"W) once a month from October 2011 through October 2013 
(N = 5 / month). Immediately following collections mussels were cleaned of epiphytic growth, 
soft tissue was dissected from the shell and individually frozen at -80˚C. Whole individuals were 
homogenized cryogenically to a powder using a MixerMill 400 (Retsch® Solutions in Milling 
and Sieving, Hann, Germany) under liquid nitrogen and one gram wet tissue was weighed for 
PbTx extraction. For samples from October 2011 through December 2012 archived freeze-dried 
tissue was used following the same extraction method using wet to dry weight ratios to 
determine weight for each individual (Dr. Leanne Flewelling, personal communication).  
2.2 Bloom formation 
Karina brevis cell counts were obtained from Florida Wildlife Research Institute 
monitoring program. More frequent sampling was conducted in the Sanibel / Captiva area than 
Estero Bay due to the presence of several commercial shellfish beds. Because it is located less 
than 30 km north of the study site, monitoring data from Sanibel / Captiva was used to 
supplement data from the study site. 
Onset of the bloom in local waters first occurred in the Sanibel / Captiva area in 
September 2011 and was observed in Estero Bay (study site) in November 2011 accompanied by 
a large fish kill consisting primarily of mullet, Mugil cephalus. The bloom persisted into January 
2012, but cell counts diminished by the end of the month. This cycle was observed again in 
5 
 
McFarland, K., Jean, F., Soudant, P., & Volety, A.K. (2015). Uptake and elimination of brevetoxin in the invasive 
green mussel, Perna viridis, during natural Karenia brevis blooms in southwest Florida. Toxicon 97: 46-52  
2012-2013 with an increase in cell concentrations in the Sanibel / Captiva area in late September 
2012 and Estero Bay by mid-October 2012. The boom persisted into February 2013 at which 
time a fish kill comprising several species was observed on Ft. Myers Beach. The bloom peaked 
in February and diminished by the end of April 2013.  
2.3 Analysis of PbTx in tissues 
All samples were extracted in methanol according to Naar et al. (2002); briefly the 
protocol is as follows. One gram homogenized wet tissue (or its equivalent in dry tissue) was 
vortexed well in 80% methanol, heated in a water bath at 60˚C for 20 minutes, then transferred 
to an ice bath for 10 minutes and centrifuged. The supernatant was poured off and stored on ice 
and these steps repeated on the remaining precipitate. The combined supernatants were brought 
to a total volume of 10 mL 80% methanol, washed with hexane and stored at -20˚C until further 
analysis. 
Brevetoxin ELISA assays were run within seven days of the tissue extraction using a 
competitive ELISA kit prepared at the University of North Carolina Wilmington according to 
Griffith et al. (2013). The assay was completed in a 96-well microplate (Nunc-Immunoplate with 
Maxisorp surface, Thermo ScientificTM, Waltham, Massachusetts). The plate was first coated 
with 100µL PbTx-3-bovine serum albumin conjugate and incubated on a plate shaker for one 
hour. The plate was then washed with Phosphate Buffered Saline (PBS) followed by adding a 
blocking buffer (SuperblockTM dry blend) (200µL) and incubated for 30 minutes on a plate 
shaker. Following the incubation period the plate was washed with PBS-TweenTM (buffered 
detergent). Samples and standards were loaded (100µL) onto the plate in duplicates with the 
addition of a primary antibody (100µL) and incubated on a plate shaker for 1 hour. The plate was 
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washed again with PBS-TweenTM, then a secondary antibody was loaded into the wells (100µL) 
and again incubated for one hour. Following this incubation the plate was washed with PBS-
TweenTM and a final PBS wash. Tetramethylbenzidine (TMB) was added as an indicator and the 
reaction stopped after approximately three minutes using 0.5 M H2SO4. The absorbance was 
measured at 450 nm on a TECAN Genois Pro® plate reader (TECAN Group Ltd., Männedorf, 
Switzerland). The antibody used detects type-2 brevetoxins which make up 90 – 95% of the 
toxins produced during blooms and include PbTx-2, PbTx-3 and PbTx-9 (Naar et al., 2002). 
Results are presented as PbTx-3 equivalent to reflect the standard curve used in calculations of 
PbTx concentrations.  
2.4 Statistical Analysis 
 To assess PbTx concentrations throughout each bloom, paired t-tests were performed to 
assess differences across time within each collection group. Due to non-normality of the data, the 
intensity of post-bloom tissue PbTx accumulation was assessed through integrated trapezoidal 
area-under-the-curves regarding increase from baseline (AUCi) according to the previously 
published formula by Pruessner et al. (2003). AUCi was calculated each month separately to 
compare cumulative increase in PbTx in relation to onset of the bloom between years. The 
differences in the intensity of PbTx accumulation (AUCi) during corresponding months 
following K. brevis blooms (2012 and 2013) were evaluated using independent t-tests. All data 
are presented as means ±S.D. with statistical significance being defined as p ≤ 0.05. 
3. Results 
Green mussels accumulated high levels of PbTx in their tissues during a natural exposure 
to K. brevis. Tissue PbTx concentrations reached a peak in February 2013 (137,000 ± 40,000 ng 
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g-1 PbTx-3 equivalent) following a bloom phase which lasted approximately four months. Peak 
tissue PbTx concentrations corresponded with peaks in cell counts and duration of bloom (Fig. 
1). Tissue toxin concentration remained above the regulatory limit (800 ng g-1 PbTx-3 
equivalent) four to five months post bloom dissipation (Fig. 1A).  
The second year of exposure showed a higher peak in toxin concentration compared to 
the first year (Fig. 1A), coinciding with a more intense and prolonged bloom during the second 
year (Fig. 1B). Intensity of PbTx accumulation (AUCi) was significantly different between the 
two bloom years (p ≤ 0.001) in which a slower accumulation of PbTx was observed during the 
second bloom with a peak in PbTx tissue concentrations at the end of the bloom after four 
months of exposure (Fig. 2). During both bloom years, mussels eliminated PbTx while K. brevis 
was present in the water column, during the waning phase of the bloom in late January 2012 and 
March – April 2013 (Fig. 1), however this process was slow; PbTx concentration in tissue 
remained above the regulatory limit until September 2013 and never fell below regulatory limit 
in 2012.  
In March 2012, a population-wide mass mortality event was observed in the green 
mussels that decimated the population, leaving only sporadic individuals. During the time of the 
mortality event the average PbTx tissue concentration in the green mussels was 15,694 ± 3,885 
ng g-1 PbTx-3 equivalent. This mortality event made the collection of adults impossible in April 
and July 2012 and difficult throughout the summer months. Smaller mortality events continued 
to be observed throughout the remainder of the monitoring period with the highest mortality 
observed in the fall of 2012 and 2013 with the return of bloom status in K. brevis.   
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Figure 1: Brevetoxin concentration in individual mussels plotted over time (A). Dashed line indicates the regulatory 
limit (800 ng g -1 PbTx-3 equivalent).  Karenia brevis cell counts (log scale) by location over time (B).  
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Figure 2: Relative concentrations of PbTx in green mussel tissues in relation to onset of the bloom for comparison 
between the two bloom cycles as determined by AUCi analyses. Error bars represent standard deviation and * 






Table 1: Southwest Florida bivalve species and the reported time required to depurate PbTx to levels below the 
regulatory (800 ng g-1 PbTx-3 equivalent) limit following exposure to K. brevis. 
Species                          Depuration Time  Exposure   Source   
Crassostrea virginica  2 weeks       lab          Plakas et al., 2002; Griffith et al., 2013 
Crassostrea virginica  2 weeks                  field                 Plakas et al., 2008 
Crassostrea virginica  2 - 8 weeks    field            Morton and Burklew, 1969 
Crassostrea virginica  10 weeks    field      Dickey et al., 1999 
Crassostrea virginica  6 weeks     field      Pierce et al., 2002 
Mercenaria mercenaria  6 weeks      field      Pierce et al., 2002 
Mercenaria mercenaria  2 weeks        lab      Griffith et al., 2013 
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Table 2: Comparison of green mussel and local oyster average tissue brevetoxin concentrations during the 2011 – 
2012 K. brevis bloom. PbTx concentrations expressed as ng g-1 PbTx-3 equivalent. 
                             Perna viridis                             Crassostrea virginica         Red Tide Status 
                         (this study)                     (Volety et al., unpublished results)            (FWRI) 
Month                  PbTx                SD                           PbTx                SD 
Oct.   2011    N.D. 
Nov.  2011  29, 696              2,051      bloom 
Dec.   2011  57,653             15,937  33,462             10,391  bloom 
Jan.    2012   44, 982            23,786   7,583           2,516  waning 
Feb.   2012  12,913               2,709   6,406              1,010                          gone 
Mar.   2012  15,694             3,885   4,159                309  
April  2012                          no sampling *    810                  317 
May   2012  10,806             9,815         no sampling 
N.D. indicates that brevetoxin levels were below the detection limit 
*April collections could not be completed for P. viridis due to a mass mortality event in March 2012 severely 
reducing the population in addition to poor visibility during SCUBA diving making collections impossible  
  
 
4. Discussion  
Through monthly monitoring of PbTx concentrations in the soft tissue of P. viridis 
established in southwest Florida before, during and after two consecutive K. brevis blooms, we 
were able to characterize the uptake and elimination under natural conditions. The data presented 
here demonstrate that P. viridis rapidly accumulated large quantities of PbTx in their tissues and 
concentrations remained above the regulatory limit (800 ng g-1 PbTx-3 equivalent) for an 
extended period even after bloom dissipation, suggesting the potential for trophic transfer up to 
five months post bloom.  
PbTx tissue concentrations corresponded well with the K. brevis cell counts showing 
peaks in tissue concentrations during and following peaks in water column cell concentrations, 
suggesting that rapid uptake likely occurred through filtering of whole K. brevis cells. Free PbTx 
in the water column may have contributed to high tissue concentrations. Water column PbTx 
concentrations range from 0.4 – 0.12 µg L-1 when cell counts are ≤ 2.4 x 103 cells L-1 (Pierce et 
al., 2005) and frequently exceed 24 µg L-1  during bloom concentrations of 106 cells L-1 (Pierce 
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et al., 2008). Likewise, Rolton et al. (2015) detected PbTx in K. brevis culture filtrate to range 
from 5 – 51 µg L-1. The peak in tissue concentration occurred near the end of the bloom 
indicating continued bioaccumulation of the toxin in mussels, which did not die, leading to 
increased tissue concentrations through continuous exposure. Tissue PbTx concentrations were 
higher in the second year and persisted at elevated levels for an extended period due to the 
prolonged bloom conditions in 2013 versus 2012 as both elevated exposure intensities and 
duration affect the accumulation and depuration rate (Morton and Burklew, 1969; Bricelj and 
Shumway, 1998). However, this peak in tissue concentration occurred late in the bloom cycle 
after four months of exposure suggesting bioaccumulation and an inability to eliminate toxins 
during prolonged exposure.  Previous exposure history is also a contributing factor to the 
increased toxin levels in 2013 as tissue toxin concentrations never fell below the regulatory limit 
following the 2011 – 2012 bloom. In June 2012, K. brevis cell counts reached bloom 
concentrations for several days at which time it appears the uptake rate exceeded the elimination 
rate resulting in a small spike in tissue PbTx concentration, prolonging the elimination period.  
While PbTx accumulation and elimination has not previously been studied in P. viridis, 
evidence for metabolism / biotransformation of PbTx has been found in several bivalve species 
including the closely related New Zealand green-lipped mussel Perna canaliculus (Ishida et al., 
2004a, 2004b; Ishida et al., 1995; Morohashi et al., 1995; Murata et al., 1998; Nozawa et al., 
2003). In both field and controlled laboratory exposures, P. canaliculus, showed both an 
accumulation of PbTx and metabolism from PbTx-2 (most prevalent in the K. brevis cell) to 
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When compared with native Florida bivalves, oysters and clams, C. virginica and M. 
mercenaria, P. viridis appear to accumulate higher PbTx concentrations and demonstrate slower 
elimination rates. These local bivalves have been shown to accumulate PbTx with high survival 
and rapid depuration rates of 2 – 8 weeks (Table 1) (Morton and Burklew, 1969; Steidinger and 
Ingle, 1972; Plakas et al., 2002; Plakas et al., 2004; Plakas et al., 2008; Bricelj et al., 2012; 
Griffith et al., 2013). Crassostrea virginica sampled from Pine Island Sound, just 30 km north of 
Estero Bay, during the bloom of 2011 – 2012 were shown to reach a peak in PbTx levels 
averaging approximately 35,000 ng g-1 PbTx-3 equivalent but exhibited a rapid initial elimination 
rate, decreasing to 7,500 ng g-1 PbTx-3 equivalent just two weeks after bloom dissipation and 
dropped below the regulatory limit within 2 ½ months (Volety et al., unpublished results). Perna 
viridis sampled from Estero Bay during this period exhibited nearly double (~58,000 ng g-1 
PbTx-3 equivalent) the PbTx concentrations of C. virginica (Table 2) and did not fall below the 
regulatory limit before the return of bloom conditions in October 2012 and a second exposure 
period.  
Field monitoring of bivalves during red tide events in Tampa Bay, Florida have reported 
tissue concentrations in C. virginica ranging from 2,800 – 16,500 ng g-1 (Pierce et al., 2002; 
Plakas et al., 2008) to as high as 28,660 – 80,000 ng g-1 (Dickey et al., 1999; Weidner et al., 
2002) and M. mercenaria ranging from 1,800 – 6,600 ng g-1 (Poli et al., 2000; Pierce et al., 2002; 
Weidner et al., 2002).  In controlled exposures, Griffith et al. (2013) found C. virginica and M. 
mercenaria to reach 2,000 and 1,000 ng g-1, respectively after eight days of exposure with acute 
daily dosing of 5 x 105 cells L-1, whereas Plakas et al. (2004) reported tissue concentrations in C. 
virginica of 740 ng g-1 after only two doses of 104 cells L-1 over 48 hours. Concentrations 
observed in P. viridis tissues are higher than those observed in local species. This is likely due to 
13 
 
McFarland, K., Jean, F., Soudant, P., & Volety, A.K. (2015). Uptake and elimination of brevetoxin in the invasive 
green mussel, Perna viridis, during natural Karenia brevis blooms in southwest Florida. Toxicon 97: 46-52  
a combination of several factors including differences in metabolic activity (uptake, ingestion, 
and assimilation rates), growth rates, energy turnover, and / or reduced mechanism for 
“detoxifying” / metabolizing PbTx which could lead to increased tissue damage and 
physiological impairment.  Additionally, PbTx’s are lipophilic, thus both lipid composition and 
lipid turnover rate will play a role in the accumulation and elimination rates and will vary 
between species and within species at different times of the year or reproductive cycle (Svensson 
and Förlin, 2004) 
Previous work has shown several mussel species to rapidly accumulate high 
concentrations of toxins produced by HAB’s compared to many oyster and clam species (Ingham 
et al., 1986; Shumway and Cucci, 1987; Shumway et al., 1988, 1990, 1995; Bricelj and 
Shumway, 1998; Lesser and Shumway, 1993). In the Philippines, P. viridis was found to be 
highly toxic with low survival following a Pyrodinium bahamense var. compressa red tide event 
in 1983 reaching 9,620 MU 100 g-1 saxitoxin (STX) (~18,000 ng g-1) leading to an eight month 
shellfish ban due to prolonged toxicity (Gacutan et al., 1984) and in more recent blooms, P. 
viridis reached concentrations as high as 90,000 ng g-1 STX, far exceeding the regulatory limit 
while other local bivalves showed minimal toxicity (Montojo et al., 2010, 2012). Jaafar et al. 
(1989) reported high tissue STX concentrations in P. viridis during a P. bahamense bloom in 
Malaysia reaching 50, 354 ng g-1, but contrary to blooms in the Philippines showed rapid 
elimination rates. 
 Species specific metabolism of PbTx has been reported widely throughout the literature 
(Cummins et al., 1971; Steidinger et al., 1998; Nozawa et al., 2003; Ishida et al., 2004a, 2004b; 
Abraham et al., 2012; Echevarria et al., 2012) offering a likely explanation to observable 
differences between P. viridis in this study and those reported for C. virginica and M. 
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mercenaria. Indeed, Ishida et al. (2004b) found a significant difference in PbTx metabolism in P. 
canaliculus and Crassostrea gigas, two similar species to those compared in this study, with 
different concentrations of metabolites found in each indicating similar pathways, but different 
reaction rates. Crassostrea gigas showed a more rapid transformation of PbTx-2 to PbTx-3 
compared to P. canaliculus. While both species had PbTx-3, BTX-B1and BTX-B5, P. 
canaliculus also produced BTX-B2, BTX-B3 and BTX-B4, but C. gigas did not (Ishida et al., 
2004b; Morohashi et al., 1999; Nozawa et al., 2003). Concentrations of metabolites present may 
effect tissue retention time between species as different derivatives may be stored differently and 
in various tissue compartments, thus effecting elimination rates (Echevarria et al., 2012). 
Detoxification is partially dependent upon the peak tissue concentration (Bricelj and Shumway, 
1998) and previous exposure history can affect the uptake kinetics of biotoxins (Shumway and 
Cucci, 1987). Feeding behavior and metabolic demands play a significant role in differences in 
accumulation rates between species. Perna viridis has been shown to have high clearance rates 
compared to C. viriginica (McFarland et al., 2013) suggesting increased exposure due to 
increased filtration of K. brevis cells. Additionally, P. viridis has high growth and reproductive 
rates leading to increased metabolic demands (Rajagopal et al., 2006; Siddall, 1980; Vakily, 
1989) and increased nutrient requirements which may increase filtration behavior causing 
increased exposure to the toxin.   
As a recently introduced species, P. viridis may lack the needed adaptions for rapid PbTx 
elimination observed in C. virginica and M. mercenaria, which have a long history of K. brevis 
exposure during which PbTx tolerance and metabolism may have developed, existing in coastal 
waters of the eastern US seaboard since the 1800’s (NOAA, 2005; Volety et al., 2014). 
Previously exposed bivalves have shown increased resistance and reduced sensitivity to HAB 
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exposure compared to unexposed populations (Shumway and Gainey, 1992). While P. viridis 
experiences harmful algal blooms in their native range (Gacutan et al., 1984, 1985; Choi et al., 
2003; Li et al., 2005; Montojo et al., 2012), exposure to a new toxin may cause reduced 
physiological function and could cause the widespread mortality observed in southwest Florida. 
Leverone et al. (2007) observed decreased clearance rates in juvenile P. viridis during short term 
exposure to K. brevis indicating reduced feeding, which may turn lethal if conditions persist. 
Baker et al. (2012) documented a population-wide mortality event in Tampa Bay following a red 
tide bloom from which green mussel populations never fully recovered and Gacutan et al. (1984) 
reported ˃90% P. viridis mortality following a red tide event caused by P. bahamense in the 
Philippines. In the current study, a similar mortality event was observed two months post bloom 
dissipation, however tissue toxin concentrations were still relatively high (15,700 ng g -1 PbTx-3 
equivalent). The lag time between peak tissue PbTx concentration and the first mortality event 
indicates that other factors are likely involved. Indeed, it coincided with a major spawning period 
which may have inflicted additional stress on the animal. Galimany et al. (2008) showed a 
decreased ability to resume normal tissue function, including paralysis of the adductor muscle 
and prolonged histopathology in Mytilus edulis which had spawned during a laboratory exposure 
to Alexandrium fundyense. While the mortality events observed in this study cannot be directly 
related to K. brevis exposure, P. viridis had high levels of accumulated toxins in their tissues 
during the observed mortality indicating the potential for prolonged cumulative effects of high 
tissue toxin burden and physiological stress. Allelopathic, hemolytic, and other ichthyotoxic 
compounds produced by K. brevis may also contribute to the negative effects observed in marine 
organisms (Kubanek et al., 2005; Marshall et al., 2005).  While prolonged elevated tissue toxin 
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levels are of concern for trophic transfer, if the mussels die the risk is reduced and invasive 
species kept at bay. 
5. Conclusion 
To date, the green mussel populations have not recovered from mortalities observed 
during red tide events in Estero or Tampa Bay, Florida (Baker et al., 2012; this study). However, 
not all green mussels died during K. brevis exposure as collections of adults were made in the 
months following the mortality event. Thus, seemingly normal mussels may contain high levels 
of PbTx for long periods post bloom posing a threat to both natural marine predators and human 
consumption. Landsberg et al. (2009) attributed post bloom mortality in several fish species and 
blue crab to trophic transfer from feeding on benthic fauna and post bloom dolphin mortalities in 
2004 to trophic transfer from toxic fish. Brand and Compton (2007) noted an increase in the 
presence of sublethal or background concentrations of K. brevis which may be contributing to 
prolonged tissue toxins post bloom and several studies have noted the persistence of PbTx in 
marine sediments and seagrass epiphytes (Shumway and Cucci, 1987; Mendoza et al., 2008). 
Additionally, whole cell and temporary encystment of toxic dinoflagellates have been observed 
in bivalve biodeposits following exposure leading to increased risk for transport and increased 
exposure to benthic organisms via deposition into the sediments (Hégaret et al., 2008). Even at 
low tissue concentrations, this persistence allows for long term exposure to higher trophic levels 
through biomagnification post bloom (Rounsefell and Nelson, 1966; Landsberg, 2002; 
Flewelling et al., 2005). Animals that prey directly on benthic filter feeders including gastropods, 
crab, fish and water birds are at risk of exposure and may pose a threat to higher trophic levels 
through trophic transfer of the toxins by themselves becoming prey (Shumway et al., 1995; 
Pierce et al., 2002; Flewelling et al., 2005; Hégaret et al., 2008; Bricelj et al., 2012). 
17 
 
McFarland, K., Jean, F., Soudant, P., & Volety, A.K. (2015). Uptake and elimination of brevetoxin in the invasive 
green mussel, Perna viridis, during natural Karenia brevis blooms in southwest Florida. Toxicon 97: 46-52  
This study has demonstrated the natural accumulation and depuration rates of local P. 
viridis populations with PbTx concentrations and depuration periods exceeding that of native 
shellfish in southwest Florida. Further research on the potential trophic transfer from 
contaminated mussels to commercially important fish and crab is vital to monitoring the bloom 
and post bloom risks. Additionally, as P. viridis is an edible species, both monitoring and public 
awareness are essential to prevent cases of NSP during post bloom periods in which mussels may 
still be toxic.  
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